Insulin acts in the hypothalamus, decreasing food intake (FI) by the IR / PI3K / Akt pathway. This pathway is impaired in obese animals and endoplasmic reticulum (ER) stress and low-grade inflammation are possible mechanisms involved in this impairment. Here, we highlighted the amygdala as an important brain region for FI regulation in response to insulin. This regulation was dependent on PI3K / AKT pathway similar to the hypothalamus. Insulin was able to decrease neuropeptide Y (NPY) and increase oxytocin mRNA levels in the amygdala via PI3K, which may contribute to hypophagia. Additionally, obese rats did not reduce FI in response to insulin and AKT phosphorylation was decreased in the amygdala, suggesting insulin resistance. Insulin resistance was associated with ER stress and low-grade inflammation in this brain region. The inhibition of ER stress with PBA reverses insulin action / signaling, decreases NPY and increases oxytocin mRNA levels in the amygdala from obese rats, suggesting that ER stress is probably one of the mechanisms that induce insulin resistance in the amygdala.
Introduction
Insulin is an important peptide hormone that regulates the brains control of food intake and energy expenditure [ 1 -3 ] . Deletion of the insulin receptor (IR) in the central nervous system (CNS) of mice induced obesity and altered metabolism in vivo [ 3 , 4 ] . Most studies consider the hypothalamus as the main region in the CNS that regulates energetic metabolism in response to insulin. However, insulin has effects in other brain regions, such as the ventral tegmental area, substantia nigra, and amygdala [ 5 -10 ] .
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In the hypothalamus, insulin acts through IR inducing insulin substrate 1 (IRS-1) tyrosine phosphorylation. IRS-1 tyrosine phosphorylation activates phosphoinositide 3-kinase (PI3K), which is required for the effects of insulin on feeding [ 11 ] . PI3K phosphorylates generates phosphatidylinositol-3,4,5-triphosphate [ 3 -5 ] , which activates protein kinase B (PKB or Akt). The effect of IR / PI3K / Akt pathway on food intake is well described in the hypothalamic nuclei [ 1 , 11 ] . In arcuate nucleus, insulin inhibits transcription of agouti-related peptide (AGRP) and neuropeptide Y (NPY), which are orexigenic neuropeptides [ 1 ] . On the other hand, hyperinsulinemia increases corticotrophin-releasing hormone (CRH) mRNA expression in the paraventricular nucleus of hypothalamus [ 12 ] which may contribute to induce hypophagia [ 13 ] . However, it has not been investigated if, in the amygdala, insulin may regulate IR / PI3K / Akt, and whether this pathway might modulate the expression of neuropeptides in physiologic conditions.
In obese animal models insulin-induced IR / PI3K / Akt pathway is impaired in the hypothalamus. Endoplasmic reticulum (ER) stress and low-grade inflammation (LGI) are possible molecular mechanisms involved in this impairment. Both ER stress and LGI activate serine kinases such as c-Jun N-terminal kinase (JNK) and I kappa B kinase (IKK β) which induce inhibitory IRS-1 serine 307 phosphorylation trigging hypothalamic insulin resistance in obese states [ 1 , 14 ] . However, whether a high fat diet induces LGI and / or ER stress in the amygdala is not known.
Thus, the aim of the present study was to investigate whether We used a pool of 5 rats per sample and four samples ( n = 4) per group. We used β-actin as a loading control. FKBP51 was blot to confirm AMY dissections. Two tailed T test was used. * P < 0.05 versus saline injected rat.
insulin activates IR / PI3K / Akt pathway in the amygdala and whether this activation controls feeding and neuropeptides expression. In addition, we aimed to investigate whether a high fat diet induces ER stress and LGI in parallel to insulin resistance in the amygdala.
Materials and methods

Material
Eight week old male Wistar rats were obtained from Central Breeding Center of the State University of Campinas, S ˜ ao Paulo, Brazil. Human recombinant insulin was from Eli Lilly and Co. (Indianapolis, IN, USA). Routine reagents were purchased from Sigma Chemical Co. (St. Louis, MO, USA), unless specified elsewhere. Antibodies against beta-actin (sc376421), phospho-IR (sc25103), phospho-JNK (sc55642), phospho-IKK α/ β (sc21660) and phospho-PERK (sc32577) were from Santa Cruz Biotechnology (California, USA). Phospho-IRE1 ser724 (ab48187) was from Abcam (Massachussetts, USA). Phospho-Akt ser473 (9271S) was from Cell Signaling Technology (Massachussetts, USA). FKBP51 (Q13451) was from Enzo Life Science (New York, USA).
Animal characterization
All experiments were approved by the Ethics Committee of the State University of Campinas. Eight week old male Wistar rats were maintained in cycles of 12 h dark / light at 21 o C. Animals were randomly divided into two groups with similar body weights (BW) (280 ± 4 g) according to the diet. Standard rodent chow (chow) (70% carbohydrate, 20% protein and 10% fat) and a high-fat diet (HFD) (55% saturated fat (lard), 29% carbohydrates and 16% protein) from Nuvilab (Sogorb Industria e Com ércio Ltda, Brazil) were used for 2 months as previously described [ 14 , 15 ] . Food and water were available ad libitum .
ITT (insulin tolerance test)
Awakened fasted rats were submitted to insulin tolerance test. Briefly, 1.5 IU / kg of insulin was injected intraperitoneally and glycemia was measured at 0, 5, 10, 15, 20, 25, and 30 min thereafter [ 15 ] .
Food intake measurements
BW was measured 24 h after insulin injection in the amygdala. Food intake was recorded in a metabolic cage (Tecniplast 3701M081, Buguggiate, VA, Italy) for 4, 8, 12 and 24 h after insulin injection in the amygdala.
Cannula implantation
Free fed rats were anesthetized with 1 mg / kg IP injections of a mixture of 70 mg / kg ketamine (Fort Dodge Animal Health, USA) and 2 mg / kg xylazine (Lloyd Laboratories, USA) and placed in a stereotaxic instrument (Ultra Precise -model 963 -Kopf). Briefly, rats were implanted with unilateral cannulas (26-gauge stainless-steel guide cannula) (Plastics One, USA) aimed to the central nucleus of the amygdala (CeA): [coordinates (AP / L / DV to bregma) −2.16 / −4.00 / −7.18 mm] according to Paxinos and Watson and pilots experiments. Cannulas were fixed using two screws, special glue and acrylic cement. BW was monitored daily for 5-7 days following the surgery. We performed a pilot experiment to confirm the site of the cannulation. Briefly, rats received 2 μL injection of methylene blue dye. Rats were killed immediately after the injection, and brains were collected on ice. Brains were sectioned 1 mm in a coronal stainless steel matrix with razor blades to check the position of the cannula and the site of injection under microscopy. To further confirm the dissections we re-blotted the membranes from immunoblotting experiments with an antibody against to co-chaperone FK506 binding protein 51 (FKBP51). This protein is expressed in the CeA and is not expressed in the striatum which is a close region to the amygdala.
Insulin injections
After overnight fast cannulated rats received insulin (2 μL) or saline (2 μL) injections between 0700 and 0900 h for tissues collections or food intake measurements. To inhibit PI3K we used LY-294002 (50 μM from Calbiochem) or its vehicle (5% DMSO in saline) [ 16 , 17 ] .
Tissue collection for immunoblotting
Rats have been fasted for 12 h and then received insulin or saline injection. After 15 min the amygdala was quickly dissected in a stainless-steel matrix with razor blades on ice [ 9 , 10 ] . A pool of 5 rats per sample and four samples ( n = 4) per group was used. Samples were immediately homogenized in buffer (1% Triton X-100, 100 mM Tris, pH 7.4, 100 mM sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium vanadate, 2 mM phenylmethanesulphonylfluoride (PMSF) and 0.1 mg / ml aprotinin at 4 • C. The immunoblotting was performed as described before [ 14 -17 ] .
RNA isolation and real time-PCR
Rats have been fasted for 12 h and received LY-294002 or vehicle injection into the amygdala 1 h prior of insulin or saline injections. Data are presented as means ± SD from 10 rats per group. To performed immunoblotting (IB) of amygdala (C) we used a pool of 5 rats per sample and four samples ( n = 4) per group. We used β-actin as a loading control. FKBP51 was blot to confirm AMY dissections. Two tailed T test was used. * P < 0.05 versus other groups; * P < 0.05 versus saline injected rats. Veh: vehicle. Twelve hours later rats were killed by decapitation and fresh AMY was quickly collected on a stainless-steel matrix with razor blades on ice. Total RNA was isolated using RNeasy ® Mini Kit (Cat. 74106, We used a pool of 5 rats per sample and four samples ( n = 4) per group. We used β-actin as a loading control. FKBP51 was blot to confirm AMY dissections. Two tailed T test was used. * P < 0.05 versus chow; # P < 0.05 versus other groups.
Qiagen Inc., CA, USA). Relative quantitative RT-PCR was performed using TaqMan RT-PCR Master Mix (Applied Biosystems) in an Mx3000P thermocycler (Stratagene). The Mx3000P software was used to calculate the cycle threshold for each reaction. Relative expression levels were determined using the comparative Ct method with normalization of target gene expression levels to hypoxanthine phosphoribosyl transferase (HPRT). Primers and probes sequences were purchased from Applied Biosystems and were: Oxytocin (Rn00564446-g1), neuropeptide Y (NPY) (Rn01410145 m1) and Crh (Rn01462137-m1), HPRT (Rn01527840 m1) for rat. The PCR conditions were 2 min at 50 • C, 10 min at 95 • C, followed by 40 cycles at 95 • C for 15 s and 60 • C for 60 s. Real time data were analyzed using the engine provided by Applied Biosystems.
4-Phenyl butyric acid (PBA) treatment
Rats fed a HFD were implanted with cannulas in the amygdala as described before. After the recovery period (5-7 days), they were divided into two groups: vehicle and PBA treated rats. Chemical chaperone PBA (1 μg / kg of body weight) was dissolved in 4.6 mg / ml of DMSO into 1 mL of 0.9% saline and administered twice daily by gavage for 7 days as previously described [ 18 , 19 ] . The vehicle group received the same amount of DMSO diluted in saline. Following the PBA or vehicle treatment, body weight, insulin action and signaling, ER stress, NPYand oxytocin mRNA levels were measured. 
Statistical analysis
Data are expressed as means ± SEM of the number of independent experiments indicated. For statistical analysis, groups were compared using a two tailed t -test. The level of significance adopted was p < 0.05.
Results
Food intake is decreased and IR and Akt phosphorylation are increased in response to insulin in the amygdala of rats on chow
Insulin injection in the amygdala did not alter 24 h-body weight of rats fed with standard chow ( Fig. 1 A) . To evaluate whether insulin in the amygdala affects food intake, we evaluated food intake 4, 8, 12 and 24 h after the hormone administration. Insulin injected in the amygdala did not decrease food ingestion after 4 h. However, food intake was lower in response to insulin after 8, 12 and 24 h in rats on chow ( Fig. 1 B) . IR tyrosine phosphorylation and Akt serine phosphorylation were increased in response to insulin injected in the amygdala compared to saline injected rats ( Fig. 1 C and D) . In order to confirm whether the dissections of the amygdala were corrected, we re-blotted the membranes with anti-co-chaperone FK506 binding protein 51 (FKBP51) antibody. We observed the presence of FKBP51 in our membranes, indicating that the dissections of the amygdala were appropriate ( Fig. 1 C) . FKBP51 is expressed in the amygdala but not in striatum ( Fig. 1 E) .
Insulin decreases food intake and increases Akt phosphorylation in the amygdala via PI3K
Insulin plus LY or vehicle injections in the amygdala did not alter 24 h-body weight of rats fed with standard chow ( Fig. 2 A) . To evaluate whether insulin in the amygdala affects food intake is dependent of PI3K, we evaluated food intake 8 h after the hormone administration with prior LY or vehicle treatment. As expected, food intake was lower in response to insulin after 8 h in rats on chow. However, the administration of LY prior to insulin in the amygdala abolished this effect ( Fig.  2 B) . Akt serine phosphorylation was increased in response to insulin in the amygdala compared to saline injected rats. The administration of LY prior to insulin in the amygdala impaired Akt phosphorylation in response to insulin ( Fig. 2 C) . We observed the presence of FKBP51 in our membranes, indicating that the dissections of the amygdala were appropriate ( Fig. 2 C) .
Insulin modulates NPY and oxytocin gene expression in the amygdala
In order to gain insight regarding molecules regulated by insulin in the amygdala, we investigated weather insulin regulates neuropeptides expression in the amygdala from control rats. Insulin decreased NPY mRNA expression and increased oxytocin mRNA expression in the amygdala from chow group. LY injection blunted those effects ( Fig. 3 A and B) . CRH mRNA expression was not different between the groups ( Fig. 3 C) .
Insulin action and signaling in the amygdala are impaired in rats fed with HFD
Body weight was increased in rats fed with HFD compared to control rats ( Fig. 4 A) . Insulin tolerance test showed that obese rats were insulin resistant compared to control rats ( Fig. 4 B) . To evaluate whether HFD induces insulin resistance in the amygdala, we evaluated food intake 4, 8, 12 and 24 h in response to insulin or saline. Insulin injected in the amygdala did not decrease food intake after 4, 8, 12, 24 h in obese rats ( Fig. 4 C) . IR tyrosine phosphorylation and Akt serine phosphorylation were increased in response to insulin in the amygdala in control rats compared to saline injected rats. However, this effect was blunted in rats on HFD ( Fig. 4 D and E) . We observed the presence of FKBP51 in our membranes, indicating that the dissections of the amygdala were appropriate ( Fig. 4 E) .
HFD induces ER stress and low-grade inflammation in the amygdala
These results were obtained from rats without cannulas to reduce a possible interference of the surgery and chronic cannulas implantation on inflammatory and ER stress conditions. In order to evaluate ER stress, we investigated whether high fat feeding alters the phosphorylation of RNA-activated protein kinase-like ER resident kinase (PERK) and inositol-requiring kinase alpha (IRE1 α). PERK and IRE1 α phosphorylation were increased in the amygdala of rats fed a HFD compared to control rats, suggesting increased ER stress in the amygdala of obese rats ( Fig. 5 A and B) . JNK phosphorylation was increased in the amygdala of rats fed with a HFD compared to control animals ( Fig. 5 C) . IKKalpha / beta phosphorylation was also increased in the amygdala of obese rats ( Fig. 5 D) . We observed the presence of FKBP51 in our membranes, indicating that the dissections of the amygdala were appropriate ( Fig. 5 A) . To performed immunoblotting (IB) of amygdala we used a pool of 5 rats per sample and four samples ( n = 4) per group. We used β-actin as a loading control. FKBP51 was blot to confirm AMY dissections. Two tailed T test and Two-Way ANOVA were used. * P < 0.05 versus other groups. Veh: vehicle.
The inhibition of ER stress restores insulin action / signaling, decreases NPY and increases oxytocin mRNA levels in the amygdala from obese rats
We investigated whether the inhibition of ER stress with chemical chaperone PBA improves insulin resistance in the amygdala from rats fed a HFD. PBA treatment reduced PERK phosphorylation in the amygdala from obese rats, suggesting a reduction of ER stress in this brain region ( Fig. 6 A) . PBA treatment also reduced body weight of obese rats when compared with vehicle treated rats ( Fig. 6 B) . PBA treatment restored insulin action in the amygdala from obese rats since food intake was reduced after insulin injection into the amygdala ( Fig.  6 C) . In parallel, we observed that Akt phosphorylation was increased in response to insulin in the amygdala from obese rats treated with PBA ( Fig. 6 D) . Insulin decreased NPY mRNA expression and increased oxytocin mRNA expression in the amygdala from obese rats treated with PBA compared to vehicle obese rats ( Fig. 7 A and B) .
These results suggest that the inhibition of ER stress reverses insulin resistance in the amygdala from obese animals. We observed the presence of FKBP51 in our membranes, indicating that the dissections of the amygdala were appropriate ( Fig. 6 D) .
Discussion
Our data indicate that insulin signaling in amygdala may have an important role in the control of food intake, and this effect is mediated by PI3K pathway. Insulin also decreased NPY and increased oxytocin mRNA levels in amygdala from control rats. In addition, we showed that in high fat feeding rats there is an increase in inflammatory pathways and ER stress in the amygdala, and in parallel, insulin signaling is reduced in this brain region. The inhibition of ER stress reversed insulin resistance in amygdala.
The anorexigenic effects of insulin are well described in the hypothalamus. In the hypothalamus, insulin decreases food ingestion by signaling through IR / PI3K / Akt pathway [ 1 , 17 ] . Insulin receptors have also been found to be abundant in the amygdala [ 7 , 8 ] , more recently, amygdala was highlighted as an important site to regulate food intake.
Amygdala is involved in the control of emotion and cognitive functions as memory, learning, fear, anxiety, aversion and food preferences [ 20 -24 ] . Inhibition of melanocortin into amygdala increased food intake. In contrast, injections of melanocortin agonist or enterostatin in the amygdala reduced food ingestion [ 10 , 25 -27 ] .
Our data showed that insulin in the amygdala diminishes food intake in rats on chow. Similar result was obtained by Boghossian et al. (2009) [ 9 ] . However, in their study they did not investigate which pathway may account for the effect of insulin in amygdala [ 9 , 10 ] . In our study we showed that LY injection abolished the anorexigenic effect of insulin, suggesting that the effect of insulin in the amygdala is mediated by PI3K / Akt pathway. In arcuate nucleus, the activation of neurons coexpressing agouti-related protein (AGRP), and NPY induces feeding [ 29 , 30 ] . Here, we demonstrated that insulin decreased the orexigenic NPY mRNA expression in amygdala via PI3K, which may contribute to decrease food intake. Oxytocin is an anorexigenic peptide and has been found to be abundant in the amygdala [ 31 ] . It was shown that insulin modulated oxytocin gene expression, at least, in vitro [ 32 ] . Indeed, we observed that insulin increased oxytocin mRNA expression via PI3K in amygdala in vivo of control rats. Together, these results suggest that the reduction on food intake in response to insulin was mediated, at least in part, by the decrease of NPY and increase of oxytocin mRNA levels.
It is well known that HF feeding induces insulin resistance in the CNS of rodents [ 28 ] . Indeed, we observed that insulin in the amygdala failed to reduce food intake in rats fed with HFD for 2 months. In parallel, we observed that Akt phosphorylation was faint in response to insulin in the amygdala of obese animals, suggesting insulin resistance in this region of CNS triggered by obesity.
Several mechanisms may contribute to the dysregulation of the insulin signaling pathway in the CNS of obese rodents [ 28 , 33 -35 ] . It is well known that obesity may induce ER stress in peripheral tissues and also in the hypothalamus [ 14 , 35 , 36 ] . Elevated caloric intake due to diets enriched in lipids such as saturated fatty acid and cholesterol elicits ER stress via alteration of calcium homeostasis and production of toxic metabolites [ 37 -42 ] .
Increased PERK and IRE1 α phosphorylation are indicators of ER stress [ 43 ] . Diet-induced obesity and ob / ob mice have higher levels of PERK and IRE1 α phosphorylation in multiple tissues [ 36 , 44 ] . Enhanced PERK and IRE1 α phosphorylation are also seen in the hypothalamus of obese mice [ 14 , 35 , 45 ] . In our study, we observed that PERK and IRE1 α phosphorylation were increased in the amygdala of rats on HFD, suggesting that in addition to the hypothalamus [ 1 , 14 ] high fat feeding induces ER stress also in the amygdala. The inhibition of ER stress, with PBA treatment, reduced PERK phosphorylation in the amygdala in parallel to increase insulin action and signaling in this brain site. Furthermore, insulin was able to decrease NPY and increase oxytocin mRNA expression in the amygdala from obese rats treated chronically with PBA, suggesting a strong relationship between ER stress, insulin resistance and food intake controlled by NPY and oxytocin levels. Together, these results suggest that ER stress induced by HFD is probably one of the mechanisms of insulin resistance in the amygdala.
ER stress and inflammatory pathways have many links [ 46 -48 ] . IRE1 α induces JNK activation in many tissues which triggers a modulation of several inflammatory genes [ 49 ] . In addition, both IRE1 α and PERK activate IKK β/ nuclear factor kappa B (NF-κB) pathway driving inflammatory response [ 48 ] .
The activation of JNK and IKK β induce inhibitory IRS-1 serine phosphorylation leading to insulin resistance in peripheral tissues and also in the hypothalamus [ 28 , 49 , 50 , 51 ] . Genetic disruption of IKK β in AgRP neurons protects mice from diet induced obesity [ 52 ] . Conditional deletion of JNK1 in the CNS of mice improved insulin signaling and action in the hypothalamus upon high fat diet [ 53 , 54 ] .
Our data demonstrated an increase in JNK and IKK β phosphorylation, in agreement with reduced Akt phosphorylation in response to insulin in the amygdala of obese rats, suggesting that these serine kinases may have important role downregulating insulin signaling in this brain region.
In summary, our results suggested that amygdala is an important region for food intake regulation in response to insulin and this regulation is disrupted in obese rats. We showed that food intake is regulated in a PI3K / Akt manner in the amygdala similarly to that occurs in the hypothalamus. Insulin also decreases NPY and increases oxytocin mRNA levels via PI3K in vivo , which may contribute to hypophagia. Further, we provide data suggesting that obese rats may have lowgrade inflammation and ER stress in parallel to insulin resistance in the amygdala. The inhibition of ER stress with PBA improves insulin action and signaling in the amygdala from obese rats, suggesting that ER stress is probably one of the mechanisms of insulin resistance in the amygdala.
